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[Epinephelus lanceolatu (♂) × Epinephelus fuscoguttatus (♀)]为养殖对象，确立了养
殖系统运行条件，完成了短期养殖实验，同时探索了•OH 应用于工厂化循环水养
殖水处理系统的条件，取得的主要结果如下： 
    (1) 利用大气压强电离放电产生高浓度 O2+，O(1D)，O，O2—，O2(a1Δg)等氧
活性粒子，通过水射流空化注入到管路中，高效生成•OH、H2O2、HO3•和 O2+(H2O)
等氧自由基（TRO）溶液，输送到鱼缸中处理养殖海水；基于此，构建•OH 循环
水养殖系统：鱼缸→泡沫分离器→水箱 1→活性炭过滤器→水箱 2→•OH 处理设
备→鱼缸。 
    (2) 完成设定 TRO 浓度为 0.2、0.5 和 1.0 mg/L 随时间的衰减曲线拟合，衰
减速率常数 k 分别为 10.42~21.59 h-1、2.64~3.35 h-1和 0.47~1.99 h-1；确定•OH 溶
液注入方式抽取鱼缸 1/2 海水处理后回注，在 30 min 时 TRO 达到 0.2、0.5 和 1.0 
mg/L，并在 30~90 min 内维持稳定，在鱼缸各层取样点 TRO 偏差值分别为
4.41~16.82%，7.11~14.75%和 3.85~12.30%，实现•OH 在循环水养殖系统中的稳
定处理。 
    (3) 进行•OH 处理珍珠龙胆石斑鱼循环养殖水实验，结果表明 TRO 设定值
为 1.0、0.5 和 0.2 mg/L 的养殖水体，处理后弧菌等有害细菌杀灭率均为 100%，
亚硝酸盐去除率为 80%~100%，溶解氧分别提高 34.8%、52.1%和 78.0%，同时珍
珠龙胆石斑鱼生长良好，尾均增重率为 2.25%、2.88%和 2.24%，特定生长率分别
为每天 0.36、0.40和 0.31%；7天养殖中水体氨氮和亚硝酸盐含量均低于 0.1 mg/L，
水质指标均达《渔业水质标准》GB 11607-1989 的要求。 
    (4) 在厦门近岸小嶝岛石斑鱼循环水养殖基地，利用•OH 处理技术处理生物















总大肠菌群的杀灭率均为 100%，对比相同条件下 UV 的杀灭率分别为 76.9%、
47.1%；•OH 处理水体中浊度下降 22.9%，色度降低 46.2%，CODMn下降 13.2%，
氨氮下降 8.8%，亚硝酸盐下降 97.7%，溶解氧升高 104.2%，不产生溴酸盐，终
端出水检测指标均符合《渔业水质标准》GB 11607-1989 的要求，•OH 处理工厂
化循环养殖海水效果显著。 




















With the continuous expansion of the saline aquiculture in China, saline aquiculture 
industry has become one of the significant pillar industries in Chinese coastal areas. 
Recirculating aquiaculture system, with a core technology of water treatment and 
system, was considered as the future development direction. While the adverse effect 
of the traditional treatment technology such as, long starting time, poor treatment 
efficiency and frequently occurrence of disease, have suggested that effective method 
should be promoted to solve these problems. In this paper, we built a hydroxyl radical 
(•OH) recalculating aquaculture system by using the •OH prepared from ionization 
discharge by atmospheric pressure and [Epinephelus lanceolatu (♂) ×Epinephelus 
fuscoguttatus (♀)] used as the research object. We set the operation parameters of the 
•OH processing system, performed the short-term experiment and explored the 
operating conditions by applying this system into practical use. The main research 
results are shown as follows: 
(1) With a strong ionization discharge, high concentration oxygen active species 
such as O2+, O(1D), O, O2 —, O2(a1Δg) were produced and then transferred into a 
gas/liquid injector to efficiently form oxygen radical solution such as •OH, H2O2, HO3• 
and O2+(H2O) to treat aquiaculture seawater in fish tanks. Build •OH recirculating 
aquaculture system based on this: fish tank→foam separator→water tank 1→activated 
carbon filte→water tank 2→•OH equipment→fish tank.  
 (2) Completed the fitting of the decay curve over time that setting concentration of 
the TRO is 0.2, 0.5 and 1.0mg/L. The decay kinetics constant k was 10.4185~ 21.59224 
h-1, 2.63975~3.35067 h-1 and 0.46985~1.98974 h-1 respectively. The •OH solution 
injection method is to extract 1/2 water from fish tank to reinjection which can reach 
the set value at 30 min and maintain stability within 30 ~ 90 min. The different TRO 
sampling points of the fish tank are respectively 4.41~16.82%，7.11~14.75% and 
3.85~12.30%. The stability of •OH treatment was realized. 
 (3) The experiment of of culturing [Epinephelus lanceolatu (♂) × Epinephelus 















showed that the inactivating rate of bacteria and other harmful bacteria was found 100% 
after •OH treatment And the removal rate of nitrite were 80%~100% respectively. The 
dissolved oxygen increased by 34.8%、52.1% and 78.0% respectively. At the same time, 
the growth of fish was good, with the increase rate of 2.25%, 2.88% and 2.24% and 
specific growth rate was 0.36, 0.40 and 0.31%/d respectively. The ammonia nitrogen 
and nitrite in 7 days was less than 0.1 mg/L by •OH treatment. The water quality in 
meets the national regulation "fishery water quality standard" (GB11607-1989).  
(4) •OH technology was used for treatment on factory recalculating aquaculture 
water. By sampling and analysis of Xiaodeng Island recirculating aquaculture system 
effluent, the results showed that the water turbidity, color, CODMn, TAN and nitrite 
decreased by 22.9%, 46.2%, 13.2%, 8.8% and 97.7% respectively with TRO 0.51 mg/L 
after 9.8 s. The dissolved oxygen increased 104.2% and without the generation of 
bromate. Compared to UV disinfection whose inactivating rate was 76.9% and 47.1%, 
the total number of colonies and total coliform bacteria inactivating rate both achieved 
100% under the same condition. In addition, the terminal water quality in •OH system 
meets the national regulation "fishery water quality standard" (GB11607-1989). The 
effect of •OH treatment on factory recirculation seawater is remarkable. 
In summary, this paper constructed a •OH recirculating aquaculture system, which 
can rapidly and effectively kill the harmful pathogenic microorganisms, oxidative 
degradation of target pollutants while no harmful disinfection by-products generation 
and protect the healthy growth of fishes at the same time. This system will provide a 
creative method for advanced treatment of recirculating aquaculture seawater. It can be 
used in the factory seawater aquaculture industry. 
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第1章 绪论 










    根据《中国渔业统计年鉴 2016》统计，2015 年我国水产品总产量达到 6699.65
万吨，其中养殖产量为 4937.90 万吨、占总产量的 73.70％，海水产品总产量为
3409.61 万吨，占中国水产品总产量的 50.89%，同比增长 3.99%。随着海水养殖
空间的不断地开拓，以及传统池塘养殖、滩涂养殖和近岸养殖逐渐向陆基养殖发
展，海产品养殖量从 1978 年的 78 万吨增加至 2015 年的 1875.63 万吨，占海水
产品产量的 55.01%，海水养殖面积达 2317.76 千公顷 [1]。与此同时，海水养殖设
施与装备水平不断提高，工厂化与网箱养殖业持续发展，机械化和自动化程度明
显提高。  




















第 1 章 绪论 
2 
1.1.1.1 水环境污染严重 











    养殖水域的水质下降也造成了生物自然资源不断减少，青岛胶州湾海域自
20 世纪 80 年代至 90 年代末，海水中亚硝酸盐升高了 5.74 倍，氨氮升高了 3.67
倍，海洋大型浮游生物风度降低了 96%[9]。近年来，渤海辽东湾的水质恶化严重，
导致该区域原有的大约 155 种各种鱼类数量下降 40.6%，仅剩下 92 种，水产养
殖业遭受重大打击，鱼类资源水平仅为上世纪 80 年代的 7%~8%。 
1.1.1.2 病害频发 
    随着养殖规模的不断扩大，高密度养殖集约化程度的日渐提升，水产养殖病
害频繁发生，给渔业经济带来了重大的损失，已成为制约水产养殖发展的重要因
素。1996~1997 年，海南网箱养殖石斑鱼爆发性溃疡病，病程为 7 天，死亡高峰
在发病 4~7 天后，死亡率约 90%，主要病原为溶藻弧菌 [10]。2001 年，广州大亚
湾石斑鱼苗感染神经坏死病毒，出现大批死亡 [11]。2007 年 10 月，福建罗源湾海
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